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The technology for the preparation of polymer-GO nanocomposites was investigated by studying the
structure-properties relationships of two different systems, based on PA6 and EVA, fabricated by using
different preparation methods, i.e. melt mixing, wet phase inversion, and the combination of the two.
The morphology of nanocomposites resulted dramatically inﬂuenced by the technique adopted and
showed to be the critical variable affecting the physical properties of the materials. Finally, the me-
chanical and dynamic-mechanical of the nanocomposites were improved by using the hybrid technique
combining the two procedures.
© 2015 Elsevier Ltd. All rights reserved.1. Introduction
Graphene oxide (GO) is a two-dimensional material derived
from the exfoliation of its bulk form, conventionally named
graphite oxide, which was synthesized by oxidizing natural
graphite more than one century ago by Brodie [1e3]. The presence
of both sp2-conjugated atoms and oxygen-containing functional
groups provides a strong amphiphilicity, thus promoting its easy
dispersion in both polar and nonpolar solvents and a good inter-
facial interaction with most polymers [1,2]. Moreover, GO can be
easily reduced into graphene or further functionalized with speciﬁc
compounds for the realization of advanced materials. Due to these
features, GO is widely considered as a promising ﬁller for advanced
polymer-based composites. Nevertheless, several limiting aspects
thwart the possibility to prepare GO-composites. In fact, extremely
ﬂexible GO sheets are apt to buckling, stacking, pleating or folding
during processing [4,5], and the choice of fabrication methods
strongly inﬂuences the morphology and physical properties of GO-
based polymer nanocomposites. The key-issues to be taken intoaro).account are the extent of layers dispersion and the prevention of
particle re-aggregation. Generally, traditional fabrication routes of
nanocomposites include melt-based processing [6,7] and solution-
based processing [8,9]. Melt mixing is a solvent-free process where
the mechanical shear forces present in a screw extruder or a
blending mixer [10] permit the exfoliation of stacked graphite or
reduced graphene oxide (r-GO) into a viscous polymer melt by
overcomingpep interactions and Van derWaals forces, but it is not
practicable when GO is used as ﬁller. In fact, thermal heating and
high local mechanical stresses may induce strong pep stacking and
particle aggregation, thus working negatively to the ﬁller disper-
sion [11,12]. On the other hand, solution processing techniques
ensure a high dispersion efﬁciency but present several strong
limitations, related to toxic solvent utilization, thin-ﬁlm limitation
and difﬁculties in solvent removal [13,14]. Among the technologies
bearing to this approach, wet phase inversion (WPI) allows
achieving sponge-like polymeric structures that may act as exfo-
liant/intercalated agent between lamellae, and their porous archi-
tecture allows a more rapid solvent removal. Nonetheless, the large
amount of non-solvent required limits this technique to the prep-
aration of membranes for electronics and scaffold for tissue engi-
neering. Entrapping the GO lamellae in a matrix byWPI and further
use the masterbatch so-prepared as a ﬁller could overcome the
Scheme 1. Schematics of the 3 different pathways.
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Aim of this work is to investigate the possibility of combining
the advantages from theWPI in terms of dispersion/exfoliation and
the rapidity and ease of the melt processing. Moreover, this route
was tested onto two different polymer matrices, i.e. polyamide 6
(PA6) and poly(ethylene-co-vinyl acetate) (EVA), which generally
were found to show poor afﬁnity towards graphene-related ﬁllers
[15] and often require the implementation of solution-based pro-
cessing [16], in situ polymerization [17] and further modiﬁcation of
GO [18] to achieve high-performance materials.
2. Materials and methods
The graphene oxide (GO) was synthesized by oxidation of neat
graphite (NGS Naturgraphit, Germania), according to previous
works [1,19]. Brieﬂy, graphite powder (10 g) and KMnO4 (60 g) were
added to a H2SO4/H3PO4 (9:1) mixture and kept for 16 h under
continuous stirring. Thereafter, the reaction was quenched with
H2O2 (30 wt% in H2O), and ice. For the work up, several centrifu-
gations were carried out with HCl, H2O and C2H5OH.
PA6, Radilon S35100 NAT (density¼ 1.14 g cm3, viscosity index
(sulfuric acid) ¼ 205 ml g1), was supplied by Radicinova (Italy);
EVA, Greenﬂex ML60 (vinyl acetate content ¼ 28%,
density¼ 0.952 g cm3, MFI¼ 2.5 dg min1, measured according to
ISO133), was supplied by Polimeri Europa (Italy). Formic acid
(HCOOH), reagent grade, 95% and tetrahydrofuran (THF) anhy-
drous, 99.9%, inhibitor-free, and all the reactant used for the
graphite modiﬁcation were supplied by SigmaeAldrich.
The preparation methods adopted for the inclusion of GO into
PA6 and EVAwere: melt intercalation (m), wet phase inversion (w)
and a two-step technique (w þ m) which resulted by combining
(w) and (m). The sample codes with the corresponding conditions
adopted are listed in Table 1. The schematics of the three different
techniques are reported in Scheme 1.
(i) Melt intercalation (m)
A solid mixture (45 g) of polymer and ﬁller was fed to a Bra-
bender Plasticorder PLE300 batch mixer and processed. The rotor
speed was set to 64 rpm for PA6-GO m and 100 rpm (EVA-GO m),
the mixing time was set to 6 min.
(ii) Wet phase inversion (w)
The solvents used were HCOOH for the preparation of PA6-GO
and THF in the case of EVA-GO. The dissolution of the polymer
into its solvent was promoted by a magnetic-stirrer and, in the case
of PA6/HCOOH, slight heating. Each polymer was dissolved at
saturation level, i.e. 15% and 10% for PA6 and EVA, respectively. At
the same time, GO dispersions in the same solvents were prepared
by ultrasonication. Thereafter, the respective GO dispersion was
added to corresponding polymer solution and kept under vigorous
stirring at room temperature until a homogeneous dispersion wasTable 1
Conditions adopted for the preparation of nanocomposites.
Sample code Step 1: WPI Step 2: Melt
GO wt% Solvent GO wt% s [rpm] t [min] T [ C]
PA6-GO m n. a. n. a. 0.5 64 6 240
EVA-GO m n. a. n. a. 0.5 100 6 90
PA6-GO w 0.5 HCOOH n. a. n. a. n. a. n. a.
EVA-GO w 0.5 THF n. a. n. a. n. a. n. a.
PA6-GO w þ m 5 HCOOH 0.5 64 6 240
EVA-GO w þ m 5 THF 0.5 100 6 90achieved. The highly viscous polymer-GO-solvent slurry was added
dropwise with a constant ﬂow rate of 1 ml1 into a water coagu-
lation bath. Indeed, water is totally miscible with both HCOOH and
THF but acts as a non-solvent for both PA6 and EVA. As the poly-
mer/GO/solvent slurry comes in contact with the water bath, the
WPI instantly occurs, since the solvent migrates to the aqueous
phase. Therefore, a sponge-like structure is collected and thor-
oughly washed with de-ionized water until the achievement of a
neutral pH in the rinsing bath.
(iii) Two-step technique (w þ m)
In order to conjugate the advantages of both melt mixing and
WPI, a hybrid technique involving two steps was developed. A
masterbatch was prepared via WPI in the same procedure dis-
cussed in (ii) but with a higher GO content (5 wt%). Then, the
masterbatch was ground into powder, added to the polymer in
order to dilute the GO concentration to 0.5%, and fed to an internal
mixer to be processed in the same conditions used in (i).
The materials produced in these three different ways were
ground, dried (overnight or for 48 h) in vacuo at 120 C,
compression-molded in a Carver laboratory press and cut into
specimens of the appropriate geometry for further characteriza-
tions. The effective conversion of graphite into GO was assessed by
spectroscopic measurements. m-Raman spectroscopy and XPS were
carried out in the same way as reported in our previous works
[19e22].
The morphology was investigated by X-ray diffraction (XRD)
(Italiastructures APD 2000, Italy), Atomic Force Microscopy (AFM)
by using a Multimode V (Veeco Metrology) scanning probe mi-
croscope, and Scanning Electron Microscopy (SEM) by using an
ESEM FEI QUANTA 200.
The rheological measurements were carried out by using a
parallel plate rheometer (HAAKE MARS III Rotational Rheometer,
ThermoScientiﬁc) in the frequency sweep mode within the range
0.1e500 rad/s at the same temperature set for the processing, the
strain amplitude applied was 5%. Dynamic-mechanical analysis
(DMA) was carried out by using a DMA 50 Metravib (France). The
heating rate was set to 5 C/min, the maximum strain amplitude
applied was 0.1%, the frequency was 1 Hz. For PA6-based materials,
ﬂexural (single cantilever) tests were performed within the tem-
perature range 30e180 C, for EVA-based ones, compression tests
were performed within the temperature range 45e40 C. Tensile
A. Maio et al. / Composites Science and Technology 119 (2015) 131e137 133tests were carried out by using an Instron 3365 universal testing
machine (UK) according to ASTM D882 on at least 10 replicates. For
PA6-basedmaterials, the tensile speedwas 1mmmin1 for the ﬁrst
2 min and 100 mm min1 thereafter. EVA-based samples were
tested at a constant speed of 200 mm min1.
3. Results and discussion
The characterization of GO is brieﬂy summarized in Fig. 1aed.
Micro-Raman plot in the range 1200e1800 cm1 is reported in
Fig. 1a and it refers to the ﬁrst order (one phonon) Raman region.
The D peak, close to the K point in the Brillouin zone, is centered at
1350 cm1, whereas the G band (at point G) is usually located at
around 1600 cm1. The D-band is traditionally ascribed to the sp3
diamond-like carbons, whereas the G-band refers to the sp2 hy-
bridized carbons, thus taking into account the graphenic memory
of the material. The Raman parameters allowing to assess the
oxidation degree are the intensity ratio between D and Gmodes (ID/
IG), which gives information about the size of sp2 domains, the
FWHM of D-band and G-band, related to C sp2 content, the band
located at 1700e1780 cm1, which is assigned to non-regular rings,
either to 5e8e5 rings resulting from a C di-vacancy or to 5e7e7e5
Stone Wales defects [23]. By comparing the spectra of pristine
graphite and GO, it is possible to detect strong changes: the
broadening of both D and G bands conﬁrms that the relative
amount of sp2 decreases, whereas increasing ID/IG reveals that the
average size of sp2 domains dramatically decreases. Moreover, the
less intense bands at around 1700e1780 cm1 suggest the presence
of non-regular rings.
Fig.1b presents the C1s XPS spectra of GO. There are three ﬁtting
peaks with different binding energies. The peak at 285 eV repre-
sents the graphitic carbon skeleton, the peaks centered at 287 and
289.4 eV are assigned to CeOH, eCeOeCe and eOeC]O,
respectively [1,23]. XPS results strongly agree with those carried
out by Raman analysis. XRD diffrattograms reported in Fig. 1c putFig. 1. Characterization of GO by Raman ainto evidence that, after graphite oxidation, the 2q peak shifts from
26.8 to 10.6, thus conﬁrming that the interlayer distance increased
from 0.342 to 0.94 nm. The total disappearance of the band
centered at 26.8 certiﬁes the full conversion of the graphite into
GO, whereas the broadening of the peak located at 2q ¼ 10 in-
dicates that the crystallite size is more heterogeneous. The
morphology and the apparent thickness of GO after ultrasonication
were analyzed via AFM and reported in Fig. 1d. The extremely thin
thickness seems to suggest that the graphite oxide was completely
exfoliated into monolayer GO lamellae. Therefore, all the tests
carried out on GO are perfectly consistent with those of other GO
samples synthesized in a similar way [1].
The eventual solvent retention was assessed by rheological
analysis. Fig. 2a shows the rheological characterization of the ma-
terials. The analysis of the viscosity curves of nanocomposites puts
into evidence the limits of both solvent and melt processing: PA6-
GO m exhibited a melt viscosity lower than that of neat PA6, pre-
sumably because of a bad dispersion and thermo-oxidative
degradation of PA6, resulting after processing. Similarly, in the
case of PA6-GO w it is possible to see a decrease of viscosity with
respect to that of the matrix. This feature could likely be explained
considering the presence of residual solvent in the dense core
which is retained even after the several rinses carried out on the
ground material. In fact, the GO sheets tend to block the solvent
evaporation path, leading to increased amounts of solvent residual
[2]. In fact, when PA6-GO w undergoes a stronger pre-treatment
(i.e. drying for 48 h at 120 C under vacuum) to remove the sol-
vent, the viscosity increases and the ﬂow curve of PA6-GO w (d
48 h) becomes quite similar to that of neat PA6. Interestingly, the
PA6-GOwþmviscosity was found to be higher than those of either
pure matrix and of the other PA6-GO composites and a more pro-
nounced non-Newtonian behavior was detected, presumably due
to a good dispersion of GO lamellae and a decreased amount of
residual solvent. The EVA based materials, Fig. 2b, displayed a shear
thinning behavior which was practically almost independent onnalysis (a), XPS (b), XRD (c), AFM (d).
Fig. 2. Complex viscosity of PA6-based (a) and EVA-based (b) nanocomposites.
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loading. A possible explanation could be that the ﬂow behavior of
the nanocomposites within the time scale of the experiments is
governed by the viscosity matrix due to the long relaxation times of
EVA [24].
The effect of the different preparation methods on the
morphology of PA6 and EVA-based nanocomposites can be
observed in Fig. 3aef. PA6-GO m, Fig. 3a, and EVA-GO m, Fig. 3d,
display a rough morphology, since several clusters and stacked
lamellae are detectable. In the case of PA6 as a matrix, the stacking,
wrinkling and pleating phenomena are more pronounced and the
diameter of clusters can reach up to hundreds of micrometers. A
possible explanation of this feature could lie in the nature of the
ﬁller. Graphite oxide is a layeredmaterial (pseudo-2D) which exists
as two-dimensional GO, i.e. in its totally exfoliated form, only under
certain conditions (e.g. appropriate solvent after sonication).
Hence, the viscosity of the polymer can inﬂuence in various ways
the dispersion and the exfoliation. However, due to the good
compatibility between GO and both the polymer matrices, a good
adhesion was found. Fig. 3b and e report the fractured surfaces of
PA6-GO w and EVA-GO w, respectively. WPI technique allowed
preparing materials with a better level of dispersion. This feature
seems to suggest that, by using this method, stacking phenomena
are prevented by the presence of polymer. PA6-GO w þ m, Fig. 3c,
and EVA-GO w þ m, Fig. 3f, display the same morphology as those
prepared byWPI. Therefore, no particle re-aggregation phenomena
occur within the second step.
Fig. 4 aec reports DMA results of PA6-GO nanocomposites.Adding GO to a PA6 matrix causes an increase of E0, Fig. 4a, within
the whole temperature range investigated, and this feature is more
evident in the materials prepared by WPI and two-step technique.
The differences observed among materials loaded with the same
ﬁller and at the same percentage seem to suggest that the extent of
the interphase region plays the main role. For this purpose, the
interphase was studied by examining the loss factor (Tan d). In fact,
the careful analysis of peak position, peak intensity and width of
the damping band allows getting more information about the
interphase region of a composite. Since the damping peak occurs in
the region of the glass transitionwhere thematerial changes from a
rigid to a more elastic state, it is associated with the movement of
small groups and chains of molecules within the polymer structure,
which are initially frozen in it. In a composite system, the presence
of a ﬁller affects the damping, due to shear stress concentrations. It
is possible to correlate the changes in interfacial bonding to those in
tan d intensity: the higher the damping at the interfaces, the poorer
the interface adhesion, since a composite with poor interface
bonding tends to dissipate more energy than that with good
interface bonding [25]. The width of tan d peak is indicative of the
volume of the interface, whereas eventual shifts in peak position
could be ascribed to a lower or higher energy level required for the
macromolecules motion and could be inﬂuenced by stress ﬁeld
surrounding the nanoparticles.
Loss factor, plotted in Fig. 4b, put into evidence that the presence
of GO can determine a negative or positive shift in the maximum of
tan d, depending on the technique adopted. Moreover, based on the
shape of the curves, it is possible to notice that loss factor plots
collected for both neat polymer and PA6-GO w display a well-
deﬁned peak, located respectively at 62 C and at 81 C. Tan
d plots of PA6-GO m and PA6-GO w þm, instead, are characterized
by the presence of a main peak located in proximity of the Tg of PA6
and of a shoulder located at higher temperatures. For this reason,
the tan d curves of PA6-GO m and PA6-GO w þ m were ﬁtted by
means of an iterative least square procedure making use of
Gaussian functions and reported in Fig. 4c. The loss factor function
of PA6-GO m composites exhibits two peaks, respectively centered
at 60 C and 81 C, while for PA6-GO w þ m samples these bands
were found to shift to 69 C and 90 C. Finally, adding GO in the
melt causes a decrease of the peak height, thus suggesting that the
transition involves less energy. Otherwise, adding GO by WPI
causes a remarkable increase of the temperature required for the
glass transition of the amorphous phase of PA6. Moreover, the
reduction of the height and the broadening of width of the band
observed in the case of PA6-GO w þm suggested the enhancement
of interface adhesion and the increase of interphase volume (i.e. the
portion of macromolecules conﬁned).
For EVA-GO composites, storage modulus and loss factor as a
function of temperature are reported in Fig. 5aeb, respectively. It
was observed that adding GO determines a strong increment of the
storage modulus, Fig. 5a, in all the temperature range investigated.
In particular, for EVA-GO prepared by melt, WPI and two-step
technique, the compressive storage moduli measured at 45 C
were found to be respectively 2, 2.6 and 4 times increased with
respect to that of the neat polymer. Meanwhile, in the totally
rubbery region (T ¼ 40 C) the relative increase is lower but how-
ever remarkable, as it ranges from 1.5 to 2.25, depending on the
technique adopted to fabricate the materials. Finally, the extent of
the mechanical improvement observed in the case of EVA-based
nanocomposites was found to be higher than that observed for
PA6-based system. This is due to greater stiffness contrast between
reinforcement and matrix, as already found by other researchers
[26]. As regards the loss factor, Fig. 5b, in neat EVA tan d exhibited a
well-deﬁned peak at T ¼ 15 C which shifted to slightly higher
(EVA-GOm and EVA-GO wþm) or lower (EVA-GOw) values in the
Fig. 3. SEM micrographs of the cryo-fractured cross sections of PA6-GO and EVA-GO prepared by melt, WPI and two-step technique.
Fig. 4. DMA results of PA6/GO nanocomposites. Storage modulus (a) and loss factor (b), ﬁtted tan d plots of PA6-GO m and PA6-GO w þ m (c).
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shape of the peak changed with respect to neat EVA, since it was
observed a more pronounced shoulder at around 15e20 C, thus
suggesting that another transition occurs at that temperature. Theﬁtted curves of tan d plots are reported in Fig. 5cef. The appearance
of two peaks in the tan d curves indicates the presence of two
different segments in the EVA copolymer. The second peak,
possibly due to the presence of polyethylene (hard segments),
Fig. 5. Storage modulus (a), loss factor (b) as a function of the temperature for neat and loaded EVA, ﬁtted loss factor of EVA (c) and nanocomposites (def).
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issue, even found by Kuila et al. [18], was ascribed to the partial co-
polymerization of ethylene and vinyl acetate. However, in this case
the transition is more prominent for EVA-GO w þ m (Fig. 5f),
presumably indicating the achievement of the critical ﬁller volume
fraction and the related interlayer responsible for the micro-
mechanical transition, due to the high level of exfoliation.
Finally, for both systems, the addition of GO determines an
enhanced thermo-mechanical resistance. The extent of the
improvement observed in E0 at the temperatures below and above
the glass transition strongly depends on the preparation technique
adopted. In the frame of this work, the same type of ﬁller was used
at the same content, therefore these changes could be likely due to
the degree of GO dispersion/exfoliation which has a dramatic in-
ﬂuence on the aspect ratio and, as a consequence, on the amount of
the interphase regions (A/V) [25,27]. Indeed, the extent of the
interface surface, i.e. the ratio between surface and volume (A/V), as






where A ¼ surface, V ¼ volume, a ¼ aspect ratio.It can be found that the A/V ratio is maximized by a/0 and
a/∞. For lamellar ﬁllers such as GO (a << 1), the interphase region
increases when the thickness tends to zero, i.e. monolayered GO. It
can be hypothesized that the higher improvement effect of theWPI
with respect to melt processing could be ascribed to the higher
degree of exfoliation, whereas in the case of two-step technique,
the highest improvement observed could be related to a double
effect: the much lower aspect ratio values of GO lamellar if
compared to re-stacked andwrinkled layers of GO obtained bymelt
and the less amount of solvent residual if compared to those pre-
pared via WPI.
The different morphology and structure can obviously affect
even the ﬁnal properties of the materials. Fig. 6 reports the reduced
tensile properties, i.e. elastic modulus (E), ultimate tensile stress
(TS) and elongation at break (EB) of the composites normalized to
those of the matrix. The poor ﬁller dispersion observed in the
materials prepared in the melt has a strong repercussion on the
tensile properties of these materials, thus resulting in a decrease of
relative properties. When the materials are prepared by WPI and
especially by two-step technique, the tensile properties were found
to increase. Among the tensile properties, TS was the most affected
Fig. 6. Relative tensile properties of PA6-GO and EVA-GO prepared by melt, WPI and
two-step technique.
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structure of the interphase. PA6-GO w þ m and EVA-GO w þ m
showed a strong increment (þ60% and þ200% variation) of the TS,
whereas the analogue nanocomposites prepared in the melt
exhibited a negative variation (10 or 15% depending on the type
of matrix) of this property, thus suggesting that in this latter case
the clusters of wrinkled and stacked lamellae observed by SEM
analysis acted as defects. Moreover, the relative increment of me-
chanical properties is more evident for EVA-GO system, as above
discussed for DMA analysis. Finally, the outcomes carried out by
mechanical characterization strongly agree with those come to
light from rheological, morphological and dynamic-mechanical
analyses.
4. Conclusion
Three different methods to include GO within two different
polymer matrices were assessed. Melt intercalation, wet phase
inversion and a two-step technique combining the ﬁrst two were
implemented and the resulting materials were fully analyzed from
a morphological, rheological, dynamic-mechanical and mechanical
point of view. The morphological analysis put into evidence that
melt mixing is not adequate to disperse and exfoliate the GO and
several clusters were observed in both matrices. The WPI provides
excellent dispersion and exfoliation but, conversely, the solvent
retention was found to affect the ultimate properties of the mate-
rials. The possibility to prepare a masterbatch by WPI to be then
used as a ﬁller for the polymer allows achieving the best perfor-
mance and this issue extends the possibility to use themelt mixing/
extrusion to prepare GO-polymer nanocomposites. Finally, this
two-step technique drastically reduces the time and the difﬁculty
related to solvent (amounts used, removal, recycling, disposal, etc.).
The excellent improvement observed for both mechanical and
dynamic-mechanical properties with adding only 0.5 wt% GO
opens new scenarios for this class of nanostructured materials.
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